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Ionic liquids (ILs), with wide electrochemical stability window, high thermal stability, and nonvolatility, are
promising electrolytes for lithium-ion batteries. Among ILs with various types of anion, bis(fluorosulfonyl)imide
(FSI")-based ILs are particularly appealing owing to their high ionic conductivity, low viscosity, and great anode
compatibility. However, strong corrosivity of FSI~ toward the Al current collector at high potential restricts their
practical utilization. In this study, three strategies are implemented to overcome this limitation. Li" fraction
modulation, FSI™/bis(trifluoromethyl)sulfonylimide (TFSI") molar ratio optimization, and their synergistic
combination are used to achieve optimal charge-discharge of a high-voltage LiNip sMnj 504 (LNMO) cathode
with an Al substrate. The effects of the IL composition on the electrochemical properties of a graphite anode are
also investigated. The proposed IL electrolyte, which lacks any organic solvents, has an optimal Li*/FSI”/TFSI~
molar ratio and thus can effectively suppress the Al corrosion, allowing a 5-V graphite//LNMO full cell to be
realized. A reversible capacity of ~ 135 mAh g~! (based on LNMO) and a capacity retention of ~ 85% after 200
cycles are found for the full cell. This study opens a new route for FSI™-based IL electrolytes in the field of high-
voltage and high-safety lithium-ion battery applications.

1. Introduction

Lithium-ion batteries (LIBs) are widely used in consumer applica-
tions as well as large-scale grid implementations owing to their adequate
gravimetric and volumetric capacities, long life, and low maintenance
cost [1,2]. Nevertheless, with surging demand for energy storage, state-
of-the-art LIBs fall short of meeting the requirements of energy and
power densities as well as operational safety [3]. To improve the energy
density of LIBs, besides increasing the specific capacities of the anode
and cathode materials, enhancing the cell voltage is vital [4,5]. In this
context, several high-voltage (>4.5 V) cathodes are currently being
pursued, such as lithium-rich layered oxides (Li; xM;.xO2, M = Mn, Ni,
Co, etc.), spinel oxides (e.g., LiNip sMn; 504 (LNMO)), and polyanionic
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compounds (e.g., LiCoFePOy, LioNiPOy4, LioCoPO4F, etc.) [6-8]. The
electrolyte is a critical component in high-voltage LIBs [9,10]. The
conventional carbonate electrolyte with LiPFg is unsuitable for high-
voltage applications [11,12]. The insufficient electrochemical stability
of the carbonate solvent restricts operation beyond ~ 4.3 V (vs. Li*/Li),
where anodic decomposition of the electrolyte takes place [13]. More-
over, the solvent is thermally unstable, highly volatile, and flammable
[13]. In addition, LiPFg is not an ideal Li salt because of its poor thermal
stability and high moisture sensitivity [14]. Highly reactive species,
including POF3, PFs, and HF, are easily generated and subsequently
damage the electrodes, solid electrolyte interphase (SEI), and other
battery components [15]. The development of high-voltage electrolytes
with superior reliability and safety is thus required. It is noted that to
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improve LIB performance, tuning the electrolyte composition is much
easier than developing sophisticated electrode materials and engineer-
ing their architectures.

Room-temperature ionic liquids (ILs) are a promising type of LIB
electrolyte due to their wide electrochemical stability window, high
thermal stability, nonvolatility, and environmental friendliness [16,17].
Various combinations of organic cations (e.g., imidazolium, pyridinium,
phosphonium, ammonium, and pyrrolidinium) and anions (e.g.,
hexafluoro-phosphate, tetrafluoroborate, bis(trifluoromethyl)sulfonyli-
mide (TFSI™), bis(fluorosulfonyl)imide (FSI™), and dicyanamide) have
been adopted to tailor ILs for diverse applications, such as electrode-
position, batteries, solar cells, supercapacitors, fuel cells, actuators,
water splitting, thermal storage, CO, capture/separation, etc [18-21].
However, compared to the conventional carbonate electrolyte, ILs usu-
ally have higher viscosity and lower ionic conductivity, leading to un-
satisfactory wettability toward LIB separators and electrodes [22,23].
One strategy to overcome these problems is to form an IL-based hybrid
electrolyte by incorporating a low-viscosity organic solvent to enhance
ion transport [24,25]. However, the safety and stable potential window
of hybrid electrolytes are compromised by the presence of an organic
solvent [26,27]. Several research groups have demonstrated the feasi-
bility of using plain IL electrolytes (without an organic solvent) to
enhance the elevated-temperature performance and cycle life of LIB
electrodes [28-30]. TFSI-based ILs are most commonly used for this task
[31,32]. Recently, FSI-based ILs have become increasingly attractive
owing to their considerably lower viscosity, higher ionic conductivity,
and better SEI forming ability compared to those of their TFSI coun-
terparts [33,34]. However, to the best of our knowledge, the utilization
of FSI-based IL electrolytes for high-voltage cathodes has not been
achieved.

IL electrolytes based on FSI™ anions have been proven promising for
LiFePO4 and layer-structure oxide cathodes, which have relatively low
redox potentials. For example, Salem et al. studied the electrochemical
behavior of phosphonium-based ILs and found that ILs with FSI™ anions
performed well with a LiFePO4 cathode but failed with an LNMO cath-
ode (which has a charge-discharge plateau at ~ 4.7 V vs. LiT/Li) [35].
Zhang et al. demonstrated that a LiCoO» cathode has good cycling sta-
bility (~70 cycles) at 60 °C in LiTFSI/N-propyl-N-methylpyrrolidinium
— FSI (PMP — FSI) IL electrolyte [36]. Yamaguchi et al. showed the
improved electrochemical properties of Li/LiCoO cells with the LiTFSI/
PMP — FSI electrolyte containing a zwitterion additive [37]. Heist et al.
demonstrated the superior stability and rate performance of a
LiNip gMng 1Cog 102 half cell with a highly concentrated LiFSI/PMP —
FSI IL electrolyte [38]. Liu et al studied N-methyl-N-propylpiper-
idinium — FSI IL electrolytes with various LiFSI concentrations and
demonstrated that a LiNig sMng 3C0.202/Li cell can deliver an optimal
capacity of 152 mAh g~ at room temperature [39]. It is noted that the
operation potentials of the above-mentioned cathodes are below 4.5 V.
Beyond this potential, corrosion of the Al substrate (i.e., cathode current
collector), due to the presence of FSI™, occurs, leading to cell failure
[40,41]. This is a major hurdle for FSI -based IL electrolytes. Better
electrolyte recipes are thus needed to suppress Al corrosion to realize
high-voltage LIB applications.

To achieve high-energy-density LIBs, besides the cathode properties,
good anode performance is essential. This means that while designing an
electrolyte composition for a battery cathode, the corresponding anode
properties should also be considered. Many previous high-voltage
electrolyte studies focused on the optimization of cathode perfor-
mance, often overlooking anode compatibility. A rational electrolyte
design that takes into account both cathode and anode properties for a 5-
V LIB full cell is examined in the present work.

In this study, a systematic investigation of the electrolyte composi-
tion of PMP — FSI-based ILs is conducted to enable the implementation
of a high-voltage LNMO cathode. Three electrolyte design strategies are
adopted. First, the LiFSI salt concentration is manipulated to control the
Li* fraction in the IL electrolyte. Second, TFSI~ anions are incorporated.
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The FSI" /TFSI™ molar ratio is modulated to adjust the physicochemical
properties of the electrolytes and their corrosivity toward Al. Third,
synergistic controls of both Li* fraction and FSI™/TFSI™ ratio are com-
bined. The proposed 2.4 m LiTFSI/PMP — FSI electrolyte, which lacks
any organic solvents, has excellent compatibility with a graphite anode
and allows an LNMO cathode to have great rate capability and cycla-
bility. A practical 5-V graphite//LNMO full cell with this electrolyte is
demonstrated. This cell has a high capacity of 135 mAh g~* (based on
the LNMO mass) and a satisfactory capacity retention of ~ 85% after
200 charge-discharge cycles.

2. Experimental section
2.1. Preparation of LNMO and electrolytes

A co-precipitation method was used to synthesize LNMO powder; the
details can be found in a previous paper [42]. Briefly, an aqueous so-
lution with stoichiometric amounts of NiSO4-6H,0 and MnSO4-H,0 was
slowly injected into a reaction vessel, which was maintained at 50 °C. An
NH4OH and NaOH solution was used to control the pH at ~ 10.5.
Nig.25Mng 75(OH)2 particles with a diameter of ~ 10-15 pm precipitated.
The Nig 25Mng 75(OH), was mixed with Li;CO3 and calcined at 750 °C in
air for 12 h, yielding LNMO powder. Graphite powder (MG-16) was
received from China Steel Chemical Corporation, Taiwan.

PMP — FSI and PMP — TFSI ILs (purity: 99.9%), purchased from
Solvionic, were vacuum-dried at 80 °C for 24 h before use. Battery-grade
LiFSI and LiTFSI were purchased from Kishida Chemical. A conventional
electrolyte, consisting of 1 M LiPFg in ethylene carbonate (EC)/diethyl
carbonate (DEC) (1:1 by volume) mixed solvent, was used for compar-
ison. All the electrolytes were prepared in a glove box and dried over
fresh molecular sieves before use. The water content of the electrolytes,
measured using a Karl Fisher titrator, was below 25 ppm.

2.2. Cell assembly

The electrode slurry was fabricated by mixing the active material
(LNMO or graphite powder), super P, and poly(vinylidene fluoride)
binder in a weight ratio of 80:10:10 in N-methyl-2-pyrrolidone solution.
The slurry was cast onto an Al or Cu current collector using a doctor
blade and then vacuum-dried at 100 °C for 12 h. The obtained electrode
was roll-pressed and punched to match the required circular dimension
of a CR2032 coin cell. The active material loading amounts of LNMO and
graphite were ~ 4 and ~ 1.9 mg cm ™2, respectively. Li foil and a glass
fiber membrane were used as the counter electrode and the separator,
respectively. The assembly of the coin cells was done in an argon-filled
glove box (Innovation Technology Co. Ltd.) with both water and oxygen
content levels below 0.3 ppm.

2.3. Material and electrochemical characterization

The sample morphology and microstructure were analyzed using
scanning electron microscopy (SEM; FEI Inspect F50) and transmission
electron microscopy (TEM; FEI Tecnai F20). The crystallinity of the
synthesized LNMO was examined using X-ray diffraction (XRD; Bruker
D8). Thermogravimetric analysis (TGA; Perkin-Elmer TGA7) was
employed to evaluate the thermal stability of the electrolytes. The co-
ordination states of various electrolytes were investigated with Raman
spectroscopy (LabRAM HR 800 with a laser wavelength of 633 nm). The
electrolyte flammability was tested following the procedures suggested
in a previous study [26]. Briefly, the electrolyte was adsorbed in a glass
fiber membrane and then heated with an electric Bunsen burner under
air. The distance between the sample and the flame was 123 mm. The
contact angle measurements were conducted using a static sessile drop
method and recorded with a digital goniometer. Electrochemical
impedance spectroscopy (EIS) and Linear sweep voltammetry (LSV)
were carried out with a Biologic VSP-300 potentiostat. EIS
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measurements were carried out in a frequency range of 10%-1072 Hz
with an AC amplitude of 10 mV. The galvanostatic charge-discharge
properties (such as capacity, rate capability, and cycling stability) of the
cells were evaluated using an Arbin BT-2043 battery tester. For the
graphite//LNMO full cell, an anode/cathode capacity ratio of ~ 1.2 was
used. The graphite anode was pre-conditioned for three cycles in a half
cell and then assembled in the full cell.

3. Results and discussion

Fig. 1(a) shows that the synthesized spherical LNMO particles con-
sisted of numerous rod-like structures. The spinel-type crystallinity
(JCPDS-80-2184) of the LNMO is confirmed by the XRD pattern shown
in Fig. 1(b), which exhibits no impurity phases. Fig. 1(c) shows a high-
resolution TEM image, in which a highly ordered LNMO lattice can be
observed. The fringe spacing of 4.7 A is associated with the LNMO (1 1
1) plane distance. The electron diffraction pattern in Fig. S1(a) confirms
the cubic spinel structure. The array of diffraction spots can be ascribed
to various LNMO crystal planes, as indexed in the figure. The extra
diffraction signals with weaker intensity between the major diffraction
spots reflect the existence of Ni/Mn ordering in the LNMO lattice
[43,44] As shown in the Raman spectrum in Fig. S1(b), a clear splitting
of the Flzg band is found at 598 and 621 cm ™!, which is characteristic of
the P4332 space-group symmetry of LNMO [45]. The well-ordered Ni
and Mn atoms in the LNMO lattice are confirmed by the noticeable peaks
at 165 and 210 cm™! [45]. These results are consistent with the TEM
observation.

The electrochemical stability windows of the conventional LiPFg/
EC/DEC electrolyte and the 0.8 m LiFSI/PMP — FSI electrolyte were
measured with Pt electrodes; the data are shown in Fig. 2(a). The anodic
decomposition potentials were found to be ~ 4.2 and ~ 5.2 V (vs. Li*/
Li), respectively, indicating the superior stability of the IL electrolyte.
Fig. 2(b) shows the TGA results for the two electrolytes. A significant
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weight loss of the conventional electrolyte was observed below 100 °C,
where the EC/DEC solvent violently evaporated and the LiPF¢ decom-
posed into LiF and PFs [14,15]. Before 200 °C, all the electrolyte was
burnt off and there was nothing left on the TGA crucible. In contrast, the
IL electrolyte exhibited much better thermal stability and lower vola-
tility. The main decomposition reaction occurred at ~ 310 °C. Fig. S2
shows the flammability testing data, which indicate that the IL elec-
trolyte is less flammable. The immersion test results of LNMO powder in
the two electrolytes are shown in Fig. 2(c). Noticeable Mn and Ni dis-
solutions were found in the carbonate electrolyte, probably due to the
attack of HF and PF5 toward LNMO [46]. In contrast, little dissolution of
these elements was found in the IL electrolyte. Fig. 2(d) compares the
chronoamperometry data of Al electrodes recorded in the two electro-
lytes at 5 V. Al passivation was recognized in the LiPF¢/EC/DEC elec-
trolyte, whereas the anodic current continuously increased with time in
the LiFSI/PMP — FSI IL. The SEM image in Fig. 2(e) confirms that this
substantial anodic current was related to Al pitting corrosion. The FSI™
anions are prone to react with Al, forming soluble Al — FSI complexes
[40,47]. This is the major challenge for FSI-based IL electrolytes for
practical high-voltage LIB applications. Fig. 2(f) shows the charging
curve of the LNMO half cell with the 0.8 m LiFSI/PMP — FSI IL elec-
trolyte. The charging process failed to reach the cut-off voltage due to
the severe Al corrosion side reaction.

3.1. Effects of Li" fraction

Recently, several research works have demonstrated that a high
concentration of Li salt can effectively alleviate Al corrosion [36,39].
Hence, we prepared PMP — FSI IL electrolytes with various concentra-
tions of LiFSI. Raman spectroscopy was used to examine the electrolyte
coordination structures. The obtained spectra in Fig. 3(a) reveal distinct
Raman bands in the region of 700-780 cm™!, corresponding to the
various coordination statuses of FSI™ [48]. The bands at 720, 732, 746,
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Fig. 1. (a) SEM image, (b) XRD pattern (c) high-resolution TEM image of synthesized LNMO powder.
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Fig. 2. (a) LSV curves of Pt electrodes recorded at potential scan rate of 1 mV s~1. (b) TGA data of electrolytes. (c) Dissulution data of 0.5 g LNMO powder in 2 mL
electrolyte after 1 month. (d) Chronoamperometry data of Al electrodes recorded at 5 V in two electrolytes. (e) SEM image of Al electrode after chronoamperometry
test in 0.8 m LiFSI/PMP — FSI electrolyte. (f) Charging curve of LNMO half cell with 0.8 m LiFSI/PMP-FSI electrolyte.

and 760 cm ™! can be assigned to the free FSI~, contact ion pair (CIP, an
FSI™ ion coordinated to a Li* ion), ion aggregate type I (AGG-I, an FSI~
ion coordinated with two Li™ ions), and ion aggregate type Il (AGG-II, an
FSI™ ion coordinated with more than two Li™ ions), respectively [48,49].
The interaction between the sulfonyl oxygens and nitrogen in FSI™ and
the Li* ions modifies the FSI™ stretching features, varying the Raman
wavenumbers [50,51]. As shown, with increasing LiFSI concentration,
the overall Raman peak shifts toward a higher wavenumber, indicative
of the promoted formation of AGG-I and AGG-II. Because there are fewer
free FSI™ anions to attack Al, the LSV anodic current was suppressed at a
high concentration of LiFSI, as shown in Fig. 3(b). Accordingly, a high
Li* fraction in the PMP — FSI IL electrolyte can mitigate Al dissolution to
a certain extent. However, the SEM image in Fig. 3(c) reveals that even
with 3.2 m LiFSI, which is close to the solubility limit, clear Al pitting
corrosion can be observed. Fig. 3(d) shows the charge-discharge curves
of the LNMO half cell with the 3.2 m LiFSI/PMP — FSI IL electrolyte.
Because of the side reaction of Al dissolution, the apparent charge ca-
pacity was higher than the theoretical LNMO capacity and poor char-
ge—discharge Coulombic efficiency (CE) was obtained. This high-LiFSI-
concentration IL electrolyte is thus unfavorable for high-voltage oper-
ation. A better electrolyte recipe is needed.

3.2. Effects of FSI /TFSI” molar ratio

We adjusted the FSI"/TFSI™ molar ratio in the IL electrolyte while
keeping the Li" concentration at 0.8 m. FSI"/TFSI™ ratios of 3:1, 1:1,
and 1:3 are denoted as FT-31, FT-11, and FT-13, respectively. Fig. 4(a)
shows the Raman spectra of the electrolytes. Besides FSI™ bands, the
uncoordinated (free), CIP, and AGG states of TFSI™ were observed.
Given a similar coordination status, the TFSI™ vibrational wavenumber
is higher than that for FSI”™ [52]. As a consequence, a positive shift of the
Raman peak with increasing TFSI™ ratio was found. Fig. S3 shows the
TGA data for the FT-13 electrolyte. Because the thermal stability of
TFSI™ species is superior to that of FSI™ species [53], the bulk decom-
position temperature (i.e., above 400 °C) of this FT-13 electrolyte is
higher than that of the LiFSI/PMP — FSI electrolyte (see Fig. 2(b)). As
shown in Fig. 4(b), the incorporation of TFSI™ significantly contributes
to the suppression of Al corrosion. The LSV anodic current decreased
with increasing TFSI™/FSI™ ratio. The TFSI™ anions either are inactive
with air-formed Al,O3 or react with Al to generate stable and insoluble
Al-TFSI species in the IL electrolyte, which passivates the electrode
surface and thus reduces the attack from FSI™ anions [54,55]. As shown
in the SEM micrographs in Fig. 4(c)-(e), Al pitting corrosion still
occurred with the FT-31 and FT-11 electrolytes, but was effectively
eliminated with the FT-13 electrolyte.
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Fig. 3. (a) Raman spectra of PMP-FSI electrolytes with various concentrations of LiFSI. (b) LSV curves of Al electrodes recorded in various electrolytes. (¢) SEM
image of Al electrode after chronoamperometry test in 3.2 m LiFSI/PMP-FSI electrolyte. (d) Charge-discharge curve of LNMO half cell with 3.2 m LiFSI/PMP-FSI

electrolyte.

The progressive inhibition of Al corrosion with the cumulative
addition of TFSI™ content clearly affected the electrochemical perfor-
mance of the LNMO cells. With the FT-31 electrolyte, the LNMO cell was
unable to complete a single charge-discharge cycle due to relatively
serious Al corrosion. As shown in Fig. 5(a), with the FT-11 electrolyte,
the charge-discharge CE is still unsatisfactory, and continuous discharge
capacity fading can be seen. When the TFSI™ content was further
increased (i.e., FT-13 electrolyte), much improved electrochemical
properties were observed. Fig. 5(b) shows that the discharge capacity of
LNMO at 0.1C is as high as 130 mAh g~'. The charge-discharge per-
formance and CE are much better than those obtained with the high-
concentration 3.2 m LiFSI/PMP — FSI electrolyte (Fig. 3(d)). Although
this is the first FSI-containing IL electrolyte that allows successful
operation of a high-voltage LNMO cathode, we are not completely
satisfied with the electrode rate capability. As shown in Fig. 5(b), the
measured discharge capacity at 2C was only 70 mAh g1, corresponding
to ~ 54% retention as compared to the capacity at 0.1C. The char-
ge—discharge properties of a graphite half cell with the FT-13 electrolyte
were also evaluated. The data obtained are shown in Fig. 5(c). The
delithiation capacity of the graphite electrode dramatically decreased
from 325 mAh g~ ! at 0.1C to below 100 mAh g~ ! at 0.3C. The inferior
high-rate performance is associated with the highly resistive SEI layer
that formed in the high-TFSI™-content IL electrolyte [56]. The imperfect
compatibility of TFSI-based IL electrolytes with graphite anodes has
been previously documented [57-59]. As shown in Table 1, the TFSI™
molar ratio in the FT-13 IL electrolyte is as high as ~ 37%. We speculate
that this contributed to the inadequate rate capability of both the LNMO
and graphite electrodes. FSI™ anions can generate a more protective and

more conductive electrode/electrolyte interfacial film [33,34,60];
accordingly, a sufficient amount of FSI™ in the IL electrolyte is crucial.
The goal is to design an electrolyte composition that contains a high
FSI"/TFSI™ ratio while limiting Al corrosion.

3.3. Effects of Li*/TFSI” /FSI_ molar ratio

We increased the FSI™/TFSI™ ratio and modulated the Li™ fraction in
the electrolyte. To attain this design, LiTFSI at various concentrations
was dissolved in the PMP — FSI IL. The obtained Li*/TFSI”/FSI~ molar
ratios are shown in Table 1. Given that the costs of LiTFSI and PMP-FSI
IL are comparable, increasing the Li salt concentration does not really
cause an economical concern. Fig. 6(a) shows the Raman spectra of the
prepared IL electrolytes. At a low concentration of LiTFSI (i.e., 0.8 m),
the FSI-related species are dominant and the free FSI™ signal is notice-
able. When the LiTFSI concentration is increased to 1.6 and 2.4 m, the
Raman spectra shift toward a higher wavenumber. This can be attrib-
uted to the increased TFSI™ content (TFSI™ species are located at higher
wavenumber positions compared to those of the corresponding FSI™
species) and the promoted formation of CIP and AGG states of both FSI™
and TFSI~ due to the increased Li" fraction. Fig. S4(a) and (b) show the
LSV and chronoamperometry data (at 5 V), respectively, of Al electrodes
measured in various LiTFSI/PMP — FSI electrolytes. The oxidation
current remarkably decreased with increasing LiTFSI concentration. The
suppression of Al corrosion was confirmed by SEM inspection. As shown
in Fig. S5, the integrity of the Al electrode remained high and no
corrosion pits were found after the chronoamperometry measurement in
the 2.4 m LiTFSI/PMP — FSI electrolyte. Fig. 6(b) compares the anodic
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Table 1
Li*, PMP", FSI™, and TFSI~ fractions for various IL electrolytes investigated in
this study.

Electrolytes Li" PMP™ FSI™ TFSI™ Viscosity (cP)
0.8 m LiFSI/PMP-FSI 0.10 0.40 0.50 0 51
1.6 m LiFSI/PMP-FSI 0.17 0.33 0.50 0 79
2.4 m LiFSI/PMP-FSI 0.21 0.29 0.50 0 114
3.2 m LiFSI/PMP-FSI 0.25 0.25 0.50 0 176
FT-31 0.10 0.40 0.38 0.12 53
FT-11 0.11 0.39 0.25 0.25 80
FT-13 0.12 0.38 0.13 0.37 114
0.8 m LiTFSI/PMP-FSI 0.10 0.40 0.40 0.10 52
1.6 m LiTFSI/PMP-FSI 0.17 0.33 0.33 0.17 108
2.4 m LiTFSI/PMP-FSI 0.21 0.29 0.29 0.21 167

current densities of the Al electrodes measured at 5 V (vs. Li*/Li) after
24 h in various IL electrolytes. Of note, the 2.4 m LiTFSI/PMP — FSI
electrolyte most effectively minimizes Al dissolution while maintaining
a sufficient FSI" /TFSI™ molar ratio (see Table 1). With an increased
concentration of Li*, the FSI™ anions are prone to be coordinated as the
CIP and AGG states. As a consequence, it is not necessary to use a high
fraction of TFSI™ to mitigate electrolyte corrosivity. Fig. 6(c) shows the
TGA data for the 2.4 m LiTFSI/PMP — FSI IL electrolyte. Two-step
weight loss was observed, including decomposition of FSI-containing
species at ~ 330 °C and decomposition of TFSI-containing species
above 400 °C [53]. The FSI-related decomposition temperature is higher
than that (~310 °C) found in Fig. 2(b). This implies that different FSI~
coordination statuses could have different thermal stabilities, with the
CIP and AGG states being more stable than free FSI™ anions. The inset in
Fig. 6(c) confirms that the 2.4 m LiTFSI/PMP — FSI electrolyte is flame-
retardant. The negligible volatility contributes to the high safety of this
electrolyte for LIB applications.

Operation of the LNMO cell with the 0.8 m LiTFSI/PMP — FSI elec-
trolyte failed, as shown in Fig. S6(a). However, because Al dissolution
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decreased when the LiTFSI concentration was increased to 1.6 m, suc-
cessful charge-discharge cycles of the LNMO cell were validated, as
shown in Fig. S6(b), although the CE was not high. Exceptional LNMO
performance was obtained when the 2.4 m LiTFSI/PMP — FSI electrolyte
was used. Fig. 7(a) shows that the reversible capacity of LNMO at 0.1C is
135 mAh g%, which is close to the theoretical capacity of 147 mAh g~ L.
Even at 2C, a decent capacity of 100 mAh g~! was attained at room
temperature. The observed polarization of the charge and discharge
curves is smaller than that found for the FT-13 cell. Fig. 7(b) compares
the rate capability of the LNMO cells with the FT-13 and 2.4 m LiTFSI/
PMP — FSI electrolytes, for which 54% and 74% of the capacities
measured at 0.1C were retained at 2C, respectively. The much improved
high-rate performance of the latter cell can be ascribed to the higher Li™
fraction and higher FSI"/TFSI” molar ratio of the IL electrolyte. The
poor rate capability of the 1 M LiTFSI/PMP — TFESI cell shown in Fig. S7
supports this argument. Fig. S8 shows the electrochemical impedance
spectroscopy data of the FT-13 and 2.4 m LiTFSI/PMP — FSI cells. The
Nyquist plots consist of a semicircle at high frequency and a sloping line
at low frequency, which can be characterized by the equivalent circuit
shown in the figure inset, where R,, R, Cin, and Zyy are the electrolyte
resistance, interfacial charge transfer resistance, interfacial capacitance,
and Warburg impedance associated with Li" diffusion within the elec-
trode, respectively. The calculated electrolyte conductivity values are
1.4 (for FT-13) and 1.2 mS cm™! (for 2.4 m LiTFSI/PMP — FSI),
respectively. However, the R, values, the dominant impedance of the
cells, are 130 and 62 Q, respectively, explaining the superior rate
capability of the latter cells. Fig. 7(c) shows the cell cycling stability data
for the FT-13 and 2.4 m LiTFSI/PMP — FSI cells recorded at 1C. After
200 charge—discharge cycles, the capacity retention ratios were 72% and
88%, respectively. The superior cyclability of the latter cell is related to
less Al current collector corrosion, as illustrated in Fig. 6(b).

Fig. 7(d) shows the charge-discharge curves of the graphite half cell
with 2.4 m LiTFSI/PMP — FSI electrolytes measured at various C rates.
The reversible capacity at 0.1C was ~ 340 mAh g}, decreasing to ~ 100
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Fig. 6. (a) Raman spectra of LiTFSI/PMP-FSI electrolytes with various concentrations of LiTFSI. (b) Side reaction current densities of Al electrodes after being held at
5 V for 24 h in various electrolytes. (c) TGA data and flammability of 2.4 m LiTFSI/PMP-FSI electrolyte.
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Fig. 7. (a) Charge-discharge curves of LNMO half cell with 2.4 m LiTFSI/PMP — FSI electrolyte. Comparative (b) rate capability and (c) cycling stability (at 1C) of
LNMO cells with two electrolytes. (d) Charge-discharge curves of graphite half cell with 2.4 m LiTFSI/PMP — FSI electrolyte. (e¢) Comparative rate capability of
graphite cells with two electrolytes. (f) Charge—discharge curves and cyclic stability data of graphite//LNMO full cell with 2.4 m LiTFSI/PMP — FSI electrolyte.

mAh g1 at 2C. As shown in Fig. 7(e), the rate capability of this graphite
cell is considerably higher than that with the FT-13 electrolyte. At 2C,
11% and 29% of the capacities measured at 0.1C were retained,
respectively, with the FT-13 and 2.4 m LiTFSI/PMP — FSI electrolytes. A
previous study reported that TFSI™ anions are unable to form a robust
and conductive SEI layer, leading to unsatisfactory anode performance
[61]. Our data in Fig. S9 also indicate that a graphite electrode shows
unstable lithiation/delithiation behavior with a low capacity in the 1 M
LiTFSI/PMP — TFSI electrolyte. The relatively high FSI"/TFSI™ ratio (29
mol% vs. 21 mol%; see Table 1) of the 2.4 m LiTFSI/PMP — FSI IL
electrolyte is responsible for the upgraded SEI and thus the superior
charge-discharge performance of the graphite electrode. Fig. S10 shows
the contact angles between the 2.4 m LiTFSI/PMP — FSI IL and the
LNMO and graphite electrodes. The high wettability was confirmed. We
expect that this electrolyte is suitable for high-voltage LIBs, although the
charge-discharge properties of specific cathodes and anodes may need
further investigations.

The solubility of LiTFSI in PMP — FSI IL is approximately 2.8 m.
However, we found that both the LNMO and graphite electrodes showed
inferior rate capability with this LiTFSI-saturated electrolyte, presum-
ably due to its high viscosity and excessive TFSI™ content. In addition,
lithium bis(oxalato)borate and lithium difluoro(oxalato)borate salts
were also attempted. Unfortunately, their solubility in PMP-FSI IL is
limited (i.e. ~ 1 M) and the electrolyte viscosity is too high to ensure

good charge-discharge performance. The feasibility of the 2.4 m LiTFSI/
PMP — FSIIL electrolyte was further validated in a graphite//LNMO full
cell; the data obtained are shown in Fig. 7(f). The figure inset shows that
the charge-discharge capacity at 0.1C is approximately 135 mAh g~!
(based on LNMO; or ~ 93 mAh g~! based on both LNMO and graphite).
This graphite//2.4 m LiTFSI/PMP — FSI IL//LNMO cell exhibits high
reversibility and retains up to ~ 85% of its initial capacity after 200
cycles at 0.5C. Fig. S11(a) and (b) show the charge-discharge perfor-
mance of this full cell measured at various rates. As shown, 0.5C
charging is feasible. A higher charging rate can cause noticeable
discharge capacity decrease, as compared in Table S1. Fig. S12 shows
the post-morterm SEM image of the cycled LNMO electrode. Although a
thin covering layer on the electrode was observed (which is supposed to
be a reason for the capacity decay), the LNMO microstructure can be
preserved. The high cycling stability can be attributed to the good
compatibility of the proposed electrolyte toward both the graphite
anode and the high-voltage LNMO cathode. We believe that the pro-
posed electrolyte composition and its design concept have great poten-
tial to be used for high-energy—density and high-safety LIBs.

4. Conclusions

An organic-solvent-free FSI™-based IL electrolyte with high thermal
stability and non-flammability was for the first time successfully used for
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a high-voltage LNMO cell. We found that simply increasing the LiFSI
concentration (even to 3.2 m) in the PMP — FSI IL electrolyte cannot
effectively inhibit Al corrosion, leading to a low charge-discharge CE of
the LNMO electrode. When TFSI™ anions were incorporated in the
electrolyte, Al dissolution was suppressed. However, the high TFSI"/
FSI™ molar ratio led to a limited rate capability of the LNMO cathode and
unsatisfactory compatibility with the graphite anode. We thus proposed
aLi"/TFSI/FSI™ modulation concept to optimize the IL electrolyte. An
increase in the Li" fraction reduced the amount of free FSI™ anions,
which are prone to attack Al. Therefore, a high TFSI™ ratio is not
required. The optimal 2.4 m LiTFSI/PMP — FSI IL electrolyte minimizes
the side reaction current of the Al electrode at 5 V. Moreover, the
relatively high Li" and FSI™ ratios ensure superior charge-discharge
properties of both the LNMO and graphite electrodes. A high reversible
capacity of approximately 135 mAh g~! at 0.1C based on LNMO was
verified for a graphite//LNMO full cell. This cell was able to retain ~
85% of its initial capacity after 200 cycles. These results can guide the
development of FSI -based IL electrolytes for high-reliability battery
applications.
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